Fluid emulsions containing 30% fat were produced with various ratios of casein and whey protein. The effects of adding commercial monoglycerides to the oil phase and of heat treating protein solutions before emulsion formation were also investigated. Interfacial pressure and protein load determination both indicated preferential adsorption of casein over whey proteins. The addition of monoglycerides reduced the amount of protein adsorbed, except for emulsions produced from heated protein solutions containing high proportion of whey protein, for which an increasing trend was observed. Resistance to stirring-induced coalescence decreased with an increasing proportion of whey in the mixture except for emulsions from heated pure whey protein solution with added monoglycerides, which improved the resistance. Emulsions containing casein showed extensive creaming and coalescence upon storage. Heat treatment reduced creaming and coalescence but induced slight sedimentation. Monoglycerides were also effective in reducing coalescence of emulsions containing casein. Pure whey protein emulsions showed no coalescence but considerable creaming upon storage. Creaming was inhibited by heating whey protein solution, which produced viscous emulsions. Conflicting results between stirring-induced coalescence and storage coalescence suggest important changes in membrane properties during storage.
INTRODUCTION
Because of nutritional and functional properties, milk proteins are used in formulated food preparation (17) . Milk proteins play a key role in the formation and stability of fluid emulsions (15) . Surface activity of milk proteins leads to their rapid adsorption at the oilwater interface during emulsification, producing a stabilizing layer that protects oil droplets against subsequent flocculation or coalescence (7) . The nature of protein f i l m surrounding the oil droplets is responsible for emulsion changes upon storage. Resistance to mechanical stress and associative properties of that film are both factors that affect the shelf-life of fluid emulsions. Changes in the protein film during storage are also important to consider with respect to emulsion stability. Exchange with serum constituents (6, 9) and enzymatic and physicochemical reactions (22) could alter membrane properties and then the emulsion behavior upon storage.
Despite heterogeneous composition, caseins and whey proteins show important structural differences (20) . High proline content of caseins is responsible for a disordered structure, stable at high temperature. Phosphoserine groups of caseins strongly interact with calcium, reducing the protein solubility in presence of that cation. Hydrophobic amino acids are heterogeneously distributed and form hydrophobic domains in caseins structure sterically separated from more hydrophilic regions. Whey proteins are globular proteins soluble at any pH. The major constituents (P-lactoglobulin and a-lactalbumin) show high levels of sulfurcontaining amino acids responsible for gelling properties through S-S bonds formation. Whey proteins are sensitive to heat and show extensive denaturation at temperatures above 70°C.
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Differences in casein and whey protein structural properties justify their separation and purification to increase food processing applications. Industrial processes are available to produce those fractions with purity higher than 90% (13, 18) . Because casein and whey proteins show different properties, they could have complementary functions regarding emulsion formation and stability. Depending on the ratio, a composite blend could improve emulsion properties. It was the objective of this study to verify possible complementary or synergistic effects from recombination of those fractions.
MATERIALS AND METHODS

Proteln Solutions Preparation
Sodium caseinate (CAS) (Champlain Ltd., Tara, ON, Canada) and whey protein isolates (WPI) (Le Sueur Isolates, Le Sueur, MN) were used throughout the study. Protein contents on a dry basis were respectively 90.6 and 89.3%.
Protein mixtures with different whey to casein ratios were suspended in .067 M phosphate buffer at pH 7.0 at a total protein concentration of 1% (wt/vol). Sodium azide (.02%) was added to inhibit microbial growth. Protein solutions were prepared 16 to 24 h before use. When stated, heat treatment was applied to protein solutions by placing 250-ml samples in a water bath. Protein solutions were heated to 80"C, held for 30 min, and then cooled at room temperature.
Emulsion Formation
Emulsions containing 3c% commercial soya oil (Crisco Ltd., Toronto, ON, Canada) were produced with a single stage mini-lab homogenizer (Type 8.30 H, Rannie, Albertslund, Denmark). Homogenization pressure was 20 MPa, and the temperature was kept at 40 f 2'C. Emulsions were cooled at room temperature immediately after formation. When required, commercial monoglyceride (90% monoester content) (Grindsted, Brabrand, Denmark) was added to the oil at a level of .5% (wt/vol) before emulsion formation. Monoglycerides were dispersed by heating the oil at 60'C.
lnterfaclal Pressure
Surface pressure developed at the oil-protein solution interface was measured with a D u Noliy tensiometer, operating at 23 f 1'C. Oil phase was gently poured over fresh protein solution prepared as described. After 10 min, the interfacial tension was measured. Preliminary measurements had shown no difference in readings for up to 60 min of delaying measurement. The high concentration of protein solutions (1 .O%) is responsible for rapidly reaching equilibrium. Interfacial pressure was calculated from interfacial tension measurements as follows:
where x is the interfacial pressure; yo, the tension at the oil-phosphate buffer interface; and y, the tension at oil-protein solution interface.
Protein Load
Protein load was calculated from protein depletion in the serum phase after emulsion formation. Protein was determined in the aque ous phase before and after emulsion formation using a modified Biuret reaction (BCA protein assay reagent, Pierce, Rockford, IL). Calibration curves were obtained for the same protein mixture standards using the Kjeldahl method. Serum phase was separated from the emulsion by centrifugation at 25,000 x g for 60 min. Protein load results are expressed as milligrams of protein per milliliter of oil.
Reslstance to Stlrrlng-Induced Coalescence
Coalescence index of the emulsions has been determined according to the method of Britten and Giroux (2). Emulsion samples (125 ml) were placed in an orbital stirring cabinet (LabLine Instruments Inc., Melrose Park, IL) and agitated at 250 rpm for 6 h. Aliquots (.l ml) were taken hourly and diluted 5000 times in sodium phosphate buffer .01 M, pH 7.0, containing .5% SDS (19) . Optical density of diluted emulsions was measured at 500 nm with a Beckman DU-7 spectrophotometer (Beckman Instruments, Palo Alto, CA). The coalescence index was related to the decrease of turbidity with time during agitation and was expressed as follows:
where CI is the coalescence index; Q, the initial turbidity; and z, the turbidity at time t. High coalescence index indicates poor resistance to stirring-induced coalescence.
Apparent Vlscosity
Emulsions apparent viscosity was evaluated at a shear rate of 150/s with a H a k e viscometer (Dieselstrasse. Germany) model Rotovisco RV20 fitted with the sensor system M v 2 , operating at 23 zk 1'C.
Emulsion Stability
Emulsion stability upon storage was evaluated over a 4-mo period from the change in densitometric profile of the emulsion. According to the method of Britten and Giroux (3), emulsion samples were placed in 10-x .6cm glass tubes, sealed on both ends, and stored in a vertical position. Sodium azide (.l%) had been added to the emulsion to prevent microbial growth. Emulsion samples were scanned every month (at 30-d interval) in a modified densitometer (Beckman model CDS-200, Beckman Instruments, Palo Alto, CA), and the densitometric profiles were automatically recorded. The densitometer was calibrated with a series of opaque filters. These filters were prepared by stacking up layers of a reference filter. Opacity results are reported on an arbitrary scale, the units of which correspond to the number of reference filter layers.
RESULTS AND DISCUSSION
The type of protein used affected the oilprotein solution interfacial pressure (Figure 1) . Casein was more effective than whey protein in developing interfacial pressure. Heterogeneous distribution of hydrophobic amino acids in casein structures (20) has already been reported (4. 9). It is therefore likely that the first layer in contact with the oil phase is pure casein. Although heating the protein solutions of low WP1:CAS ratio slightly increased the interfacial pressure, no such effect was observed for ratios higher than 60:40. Presence of monoglycerides in the oil phase further increased the interfacial pressure, but differences related to protein composition remained, indicating the presence of proteins at the interface despite the high pressure.
The amount of protein adsorbed onto fat droplets in emulsions prepared with various ratios of WP1:CAS protein solutions was determined ( Figure 2) . Protein load was proportional to the amount of casein in unheated protein solutions. This result suggests again the preferential adsorption of casein over whey protein. Furthermore, it seems that casein interferes with the adsorption of whey protein, because protein load of pure whey protein emulsion was higher than emulsion from 80:20 WP1:CAS protein solution. Caseins are thought to adsorb rapidly and spread out onto fat droplets, forming a thin layer and blocking adsorption sites for whey proteins. Similar behavior had been reported for casein-soy (1) and casein-gelatin protein displacement in emulsions from unheated protein solution was independent of emulsion composition and corresponded to about 3 mg/ml. However, for emulsions from heated protein solutions, protein load was greater in the presence of monoglycerides than without, when WP1:CAS ratio was 80:20 and higher. This result suggested an interaction between monoglycerides and denatured whey protein promoting their integration within oil droplets membrane.
Oil droplets membranes were evaluated for their resistance to stirring-induced stress. Coalescence index was determined as a function of protein composition (Figure 3) . Emulsions from unheated protein solutions showed maximum coalescence index (minimum stability) around 80:20 WPkCAS ratio. This minimum stability corresponds to the minimum protein load that was observed at the same composition ratio (Figure 2) . suggesting a relationship between protein load and mechanical stability of membranes as already reported (16, 21) . The addition of monoglycerides in emulsions from unheated mixed protein solutions at least doubled coalescence index at any ratio tested. Lower protein load and higher fat droplets deformability (low Laplace pressure) are thought to be responsible for coalescence sensitivity of monoglyceridecontaining emulsions. Heat treatment of protein solutions before emulsion formation showed no effect on coalescence index of monoglyceride-free emulsions, except for pure WPI emulsion, where coalescence resistance was impaired (higher coalescence index). Despite the high protein load (Figure 2) , the nature of adsorbed material (mainly denatured whey proteins) does not prevent membrane disruption. The behavior of emulsions containing monoglycerides was different. Improved resistance to coalescence with emulsions from heated protein solutions (lower coalescence index) was observed. It seems likely that interaction between denatured whey protein and monoglycerides (suggested from Figure 2 ) could explain this trend.
Storage stability of emulsions was monitored by optical densitometry. Densitometry profiles for monoglyceride-free emulsions are presented on Figure 4 . Pure unheated casein emulsions (Figure 4a) showed creaming upon storage, as evidenced by decreasing opacity at the bottom of emulsion sample. After 2 mo of storage, the lower part of the emulsion (10%) was clear (opacity = 0). At the end of the from pure whey proteins. It was then evident that coalescence during storage and codescence induced by stirring depended on different mechanisms.
Heating of protein solutions before emulsion formation had some effects on destabilizing patterns. For emulsions containing casein (Figure 4, d and e) , the serum remained opalescent during storage. Sedimentation after 4 mo of storage was noted by increased opacity at the bottom of the sample (0 to 20%) when compared with the pattern after 3 mo. Finally, no coalescence in cream layers of those emulsions was observed. Heating of pure whey protein solution before emulsion formation gave stability during the entire storage period (Figure 40 . Heating of whey proteins increased the viscosity of the emulsion (discussed later) and nearly formed a gel. It was notable that the "gel" showed no syneresis upon storage.
The destabilizing patterns of monoglyceride-containing emulsions are presented on Figure 5 . Very slight differences from monoglyceride-free emulsions were found. The major factor was the absence of coalescence in the cream layer of emulsions from unheated casein solutions ( Figure 5, a and b) . This result contrasts with the higher coalescence index found for emulsions containing monoglycerides ( Figure 3 ) and suggests changes in mem- Figure 5 , c, d , e, and 9 were similar to those of monoglyceride-free emulsions.
Changes in apparent viscosity of emulsions as a function of protein composition are presented in Figure 6 . Viscosity of emulsions from unheated protein solution was around 10 mPa/s and was not affected by protein composition. Slightly lower viscosity was observed when monoglycerides were added to those emulsions. However, viscosity of emulsions from heated protein solutions increased according to the whey protein content of the mixture. Monoglycerides slightly reduced the viscosity for WP1:CAS ratios lower than 40:60 but had no effect at higher ratios. High viscosity of emulsion from heated pure whey protein solution is l&ely to be responsible for high stabdity upon storage (Figures 4f and 50 . It has been shown that heat-denatured whey proteins could improve stability of concentrated emulsions such as salad dressings (14) .
CONCLUSIONS
Casein and whey proteins mixtures showed no synergistic effect with respect to interfacial and emulsifying properties. Casein adsorbs preferentially and was responsible for the properties of the oil-serum interface. However, it was shown that whey proteins in heated protein solution were effective in increasing the viscosity of the emulsion. Therefore, the stability of a whey protein-casein blend emulsion mainly depends on the effect of whey proteins on emulsion rheology and the effect of casein on oil droplets membrane properties. The use of monoglycerides reduced coalescence during storage and allowed more whey protein from heated protein solution to be involved in membrane formation. It is also evident from this study that the coalescence mechanism during storage is different than what happens when coalescence is induced by stirring, suggesting changes in membrane properties during storage.
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